Epidemiological studies have suggested a link between exposure to persistent organic pollutants (POPs) and hypertension. Cross-sectional associations of serum POP concentrations with the prevalence of newly diagnosed hypertension were investigated in 524 adult participants aged X40 years in the National Health and Nutrition Examination Survey 1999-2002. Twenty-one POPs (three polychlorinated dibenzo-p-dioxins (PCDDs), three polychlorinated dibenzofurans (PCDFs), five dioxin-like polychlorinated biphenyls (PCBs), six dioxin-unlike PCBs and four organochlorine (OC) pesticides) were selected because they were detectable in X60% of participants. Serum concentrations of PCDDs and PCDFs were associated with prevalent but newly diagnosed hypertension among women, but not among men. Across quartiles of the sum of category numbers of the three PCDDs and the three PCDFs, adjusted odds ratios in women were 1.0, 4.2 (95% confidence interval (CI): 1.0-17.1), 4.5 (1.0-19.9) and 5.0 (1.2-21.5) (P for trend ¼ 0.08) and 1.0, 2.6 (0.8-9.0), 5.9 (1.7-20.0) and 4.2 (1.3-14.3) (P for trend ¼ 0.01), respectively. On the other hand, PCBs tended toward positive association with hypertension only among men. Adjusted odds ratios in men in the highest quartiles of the sum of category numbers of the dioxin-like and non-dioxin-like PCBs were 2.3 (0.8-6.6) and 2.8 (0.9-8.5) (P for trend ¼ 0.11 or 0.04), respectively. OC pesticides were not clearly associated with hypertension in either gender. Hypertension had gender-specific associations with serum concentrations of some POPs. Considering the common presence of exposure to POPs in the general population, these findings need to be clarified in prospective studies.
Introduction
Persistent organic pollutants (POPs) are toxic substances that pose a particular hazard because of their persistence in the environment and in the fatty tissues of living organisms. 1 Although most of these chemicals have not been intentionally manufactured in developed countries for a number of years, they remain in the environment and are found in human blood and fat in almost everyone. We have recently reported interesting associations between serum concentrations of POPs and the prevalence of diabetes, metabolic syndrome or cardiovascular diseases among the general population with background exposure to POPs. [2] [3] [4] Although various health effects of exposure to high levels of selected POPs in occupational or accidental settings have been widely studied, hypertension has been investigated only in a limited number of studies with inconsistent results. Epidemiological studies in the 1970s or early 1980s suggested links between serum concentrations of organochlorine (OC) pesticide or polychlorinated biphenyls (PCBs) and hypertension. [5] [6] [7] Furthermore, in a community-wide study in the United States where fish were contaminated with PCBs, there was also a positive association of PCB level with blood pressure. 8 Among a population heavily exposed to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), the most potent dioxin congener of POPs, in the Seveso accident in Italy, only women, not men, showed a higher risk of mortality related to hypertensive diseases. 9 Recently, a statistically significant elevation was identified in hypertensive disease discharge rates for patients living in zip codes that contain or abut an identified hazardous waste site containing POPs. 10 However, among Yusho (PCB poisoning) patients in Japan, who were exposed to PCBs through the ingestion of Kanemi oil accidentally contaminated with PCBs 13 years earlier, 11 there was no association of blood pressure and PCB level. In a crosssectional study among residents near three chemical waste sites in the United States, the significant association between PCBs and hypertension mostly disappeared after adjustment for age and cigarette smoking. 12 To date, most epidemiological studies have been performed among subjects who were exposed to one or several POPs in occupational or accidental settings. Even in studies in the general population, they were exposed to selected POPs in unusual situations through fish or soil contamination in the area in which they were living. 8, 12 However, our previous studies [2] [3] [4] in the general population suggested that background, generally low-level exposure to a mixture to various POPs for their lifetime may be important to health. Furthermore, most occupational epidemiological studies on POPs have been performed among men. However, as endocrine disruptors such as POPs may exert their effects through sex hormone-related nuclear receptors, 13 health effects of POPs may differ depending on gender. Thus, it may be important to evaluate possible health effects by gender.
Bioassay of POPs is expensive and requires substantial amounts of blood, so that there are few general population data sets in which they have been measured. We took advantage of the availability of such measures in cross-sectional subsamples of the National Health and Nutrition Examination Survey (NHANES) 1999-2002 to see whether serum concentrations of POPs were associated with prevalence of newly diagnosed hypertension in the general population with background exposure to various POPs. For these analyses, we excluded known hypertensive patients to remove confounding due to lifestyle changes typically made after a diagnosis of hypertension and prevalent diabetic patients because they were very strongly associated with serum concentrations of POPs and were also prone to make post-diagnosis lifestyle changes.
Materials and methods
The NHANES 1999-2002 conducted by the Centers for Disease Control and Prevention (CDC) were designed to be nationally representative of the noninstitutionalized, US civilian population on the basis of a complex, multistage probability sample. Details of the NHANES protocol and all testing procedures are available elsewhere.
14,15 Serum concentrations of biologically important POPs or their metabolites were measured in subsamples of the NHANES 1999-2002.
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The NHANES-standardized home interview was followed by a detailed physical examination in a mobile evaluation clinic or at the participant's home. Information about existing medical conditions was collected using questionnaires. Blood pressure of all eligible participants was measured using sphygmomanometer, and at least three readings of systolic and diastolic blood pressures were recorded using the latest recommendations of the American Heart Association. 17 We used the average values of systolic and diastolic blood pressures, which were reported to the participants.
Venous blood samples were collected and shipped weekly at À20 1C. POPs were measured by high-resolution gas chromatography/high-resolution mass spectrometry using isotope dilution for quantification. All of these analytes were measured in approximately 5 ml of serum using a modification of the method of Turner et al. 18 The POPs were reported on a lipid-adjusted basis using concentrations of serum total cholesterol and triglycerides.
Although 49 POPs were measured in both NHANES 1999-2000 and 2001-2002 , to avoid bias in estimation among those below the limit of detection, we selected the 21 POPs for which at least 60% of study subjects had concentrations more than the limit of detection: 3 polychlorinated dibenzo-p-dioxins (PCDDs), 3 polychlorinated dibenzofurans (PCDFs), 5 dioxin-like PCBs, 6 dioxinunlike PCBs and 4 OC pesticides. There were a total of 1054 study participants aged 40 years and older with information on serum concentrations of 21 selected POPs. After excluding 444 known hypertensive patients irrespective of antihypertensive medication, 165 diabetic patients and 49 subjects with missing values on blood pressure, the final sample size was 524.
For each POP, subjects with serum concentrations below the limit of detection were regarded as the reference group and subjects with detectable values categorized by cutoff points of 25th, 50th and 75th values. To yield a cumulative measure of three PCDDs, we summed the category numbers (0 for nondetectable, 1 for detectable below the 25th percentile and so on up to 4 for above the 75th percentile) of three POPs that belong to the PCDDs. The summary values were categorized by cutoff points of 25th, 50th and 75th values. We categorized and cumulated POP subclasses similarly for the three PCDFs, the five dioxin-like PCBs, the six nondioxin-like PCBs and the four OC pesticides. We followed a different procedure in Table 1 to maintain the continuous nature of the variables in the POP subclasses, as described in the footnote in Table 1 .
Participants were considered to have hypertension if their systolic blood pressure was X140 mm Hg or their diastolic blood pressure was X90 mm Hg (treated hypertensives were excluded). Logistic regression models were used to calculate multivariate-adjusted odd ratios. As there appeared to be different associations by sex, all analyses were performed in men and women separately. Adjusting variables were age (years), race/ethnicity, poverty income ratio (continuous), body mass index (continuous), cigarette smoking (never, former or current), cotinine levels (ng ml À1 ), alcohol consumption (g day À1 ) and leisure time physical activity (vigorous, moderate or none). We substituted median values of noncases for missing body mass index, poverty income ratio, cotinine levels or alcohol consumption in 83 subjects; exclusion of these individuals did not change any conclusions. All statistical analyses were performed with SAS 9.1 and SUDAAN 9.0. Estimates of main results were calculated accounting for stratification and clustering, 19 adjusting for age, race and ethnicity, and poverty income ratio instead of using sample weights; this adjustment is regarded as a good compromise between efficiency and bias. 19, 20 As results were very similar with SAS 9.1 and SU-DAAN 9.0, we here presented the results on the basis of SAS 9.1.
Results
Associations of five subclasses of POPs with demographic or health behaviour factors are presented in We artificially added one case to that category; covariates were evaluated at the median values of noncases in the category.
Persistent organic pollutants and hypertension M-H Ha et al women (Table 2) . However, the strengths of associations were not correlated with toxic equivalency factors (TEFs). According to the quartiles of the sum of category numbers of the three PCDDs, adjusted odds ratios were 1.0, 4.2 (95% CI: 1.0-17.1), 4.5 (1.0-19.9) and 5.0 (1.2-21.5) (P for trend ¼ 0.08). PCDFs showed similar trends with PCDDs; corresponding figures among women were 1.0, 2.6 (0.8-9.0), 5.9 (1.7-20.0) and 4.2 (1.3-14.3) (P for trend ¼ 0.01) ( Table 3 ). In men, both PCDDs and PCDFs were at most weakly positively associated with hypertension; if anything, among specific POPs, the POPs with very low TEF values showed clearer positive trends than those with high TEF values. We further considered weight loss for the recent 1 year or 10 years as a possible confounder, but the results were not materially different (data not shown). Additional adjustment for triglycerides and cholesterol did not materially change the results (data not shown).
On the other hand, both dioxin-like and nondioxin-like PCBs tended to be positively associated with hypertension, mostly among men (Tables 4 and  5 ). Adjusted odds ratios in the highest quartiles of the sum of category numbers of the five dioxin-like PCBs and six non-dioxin-like PCBs were 2.3 (95% CI: 0.8-6.6) and 2.8 (0.9-8.5) (P for trend ¼ 0.11 and 0.04, respectively). Among women, even though the cumulative measures of dioxin-like or non-dioxinlike PCBs were not associated with hypertension, some POPs belonging to the category of dioxin-like or non-dioxin-like PCBs showed inverse associations. In the case of OC pesticides, the associations were not consistent among specific POPs especially among women; trans-nonachlor showed an inverse trend but heptachlor epoxide showed a positive association ( Table 6 ).
The associations of the different POPs studied with all prevalent hypertension including earlier identified cases were similar to the above findings that were restricted to earlier undetected hypertension (data not shown). When continuous blood pressure was the outcome, systolic blood pressure was positively associated with serum concentrations of PCDDs and PCDFs among women; adjusted means were 123.8, 128.0, 130.0 and 128.3 for PCDDs (P for trend ¼ 0.22) and 122.3, 126.1, 131.7 and 130.1 for PCDFs (P for trend ¼ 0.01). Pulse pressure, the difference between systolic and diastolic blood pressure, was also positively associated with PCDFs among women with adjusted means of 52.1, 56.8, 57.1 and 58.5 (P for trend ¼ 0.07).
Discussion
In this study, we observed that the background exposure to some POPs in the general nondiabetic population was associated with increased risk of prevalent newly diagnosed hypertension. To remove possible bias because of lifestyle change postdiagnosis, we excluded all known hypertensive patients irrespective of antihypertensive medication. Furthermore, diabetics were excluded because of their lifestyle changes and because hypertension commonly coexists with diabetes. Previous studies have reported that the loss of body weight is positively associated with serum concentrations of POPs. 21, 22 However, in this study, changes in body weight for the recent 1 year or 10 years did not affect the results.
Despite the general consistency with previous prospective epidemiological studies among subjects with high exposure to selected POPs over a limited time, the associations appeared to be much stronger in this population with low exposure to various POPs, similar to our earlier study with diabetes or cardiovascular diseases. 2, 4 Although the strong association should be interpreted cautiously because of the cross-sectional design, if our findings were due to reverse causality, previous crosssectional studies with high exposure to POPs should have reported stronger associations than the current population with the background exposure to POPs.
11,12 Rather, we speculate that the current results may be attributed to uniqueness of our study subjects; a random sample from the general population.
Until now, almost all epidemiological studies of POPs have been performed among people who were occupationally or accidentally exposed to high concentrations of one or several POPs for a limited period of time. Risks of various health outcomes among them were compared with those of lessexposed subjects among exposure groups or the general population. If little or only weakly elevated risks of health effects were observed in these circumstances, researchers tended to conclude that there could not be a harmful effect in the general population where exposure is to much lower concentrations of POPs. However, the dose itself may not be the only factor that influences human health effects; timing of the dose may be more important. For example, people exposed to high concentrations of selected POPs for limited periods as adults (for example, occupational cohorts) could have higher blood POPs concentrations of specific compounds than in people whose exposure was to very low concentrations of a broad mixture of POPs, but over their lifetime, even in the fetal stage. Considering the long half-lives of POPs in mammalian systems and that the main general population source of POPs is food consumption, the latter pattern would be typical of the general population. However, the health effects may not correspond to the blood POP concentrations because the fetal or childhood exposure to low levels of various POPs could be more detrimental than high level exposures to single or several POPs in adulthood. 23 These considerations may play a role in the stronger associations observed in this study than in studies of high exposure to single or several POPs. In 24 In this study, the associations of POPs with hypertension appeared to be different depending on specific types of POPs and gender. Both PCDDs and PCDFs were strongly associated with prevalence of newly diagnosed hypertension especially among women, but men did not show strong associations with PCDDs or PCDFs despite weak positive trends. On the other hand, PCBs appeared to be associated with hypertension mostly among men, although the associations were not as strong or clear as those with PCDDs or PCDFs. Typical of occupational epidemiological studies, possible health effects of exposure to POPs have been mostly evaluated among male workers or soldiers. However, a series of cohort studies in Seveso (Italy) in a population heavily accidentally exposed to 2,3,7,8-TCDD have reported different health effects by gender. 9 Regarding hypertension, women, but not men, showed a higher risk of mortality from hypertensive diseases, consistent with our current findings. Gender differences in the response to TCDD have been also observed in animal studies. 25, 26 In relation to blood pressure, to our best knowledge, there is only one experimental study. Dioxin-like pollutant PCB126 (3, 3 0 ,4,4 0 ,5-pentachlorobiphenyl) exposure in female rats altered blood pressure, the increase being dependent on oestrogen status; PCB126 induced an increase in blood pressure, but not in ovariectomized rats. 27 Lower systolic blood pressure and lower rates of coronary heart disease among premenopausal women compared with similarly aged men and postmenopausal women suggest that female sex hormones may confer cardiovascular protection. 28 It is well known that Ah receptor agonists such as dioxin PCDDs and PCDFs have antioestrogenic effects. 29 One recent study also reported that oestrogen catabolism can be changed by body burdens of PCDDs/PCDFs. 30 Thus, the stronger positive association of PCDDs or PCDFs with hypertension among women may be biologically plausible.
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Mechanisms that might be involved in the associations between POPs and hypertension are currently largely unknown. One possibility, binding to the Aryl hydrocarbon receptor (AhR), may not be a critical pathway because the strengths of the association of POPs belonging to the categories of PCDDs or PCDFs were not correlated with their TEFs, which measure the ability to bind to the AhR, and the strengths of associations were not materially different for dioxin-like or non-dioxin-like PCBs. Our earlier studies on the associations between POPs and diabetes similarly reported no relation between the strength of association and TEF of each POP. Persistent organic pollutants and hypertension M-H Ha et al Summary was calculated on the basis of rank of lipid-adjusted concentration.
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In this study, some PCBs tended to be inversely associated with hypertension among women. We speculate that this observation may reflect simultaneous exposure to a mixture of various POPs rather than the specific PCBs. In fact, there is a lot of debate regarding possible combined or interactive effects of chemicals in mixtures of POPs. 31 Unfortunately, most toxicological studies deal with an individual POP or with combinations of only several POPs. There is little toxicological data on the exposure to the mixture of POPs to which the general population is typically exposed. There is only limited evidence for greater-than-additive or less-than-additive joint actions of a few pairs of the components. 32, 33 This study has several limitations, first and foremost the cross-sectional design. Second, misclassification bias is possible because some subjects with a higher value of POP but a lower sample volume could be classified in the reference group or vice versa. Such misclassification would also be nondifferential if sample volume is unrelated to the prevalence of hypertension. Finally, one simulation study reported that lipid standardization of POPs (the division of serum concentrations by serum lipids) is possibly prone to bias in epidemiological studies. 34 However, when we re-analysed the data set using wet-weight-based concentrations of POPs, results did not substantially change (data not shown).
This study is one of a series of our studies that examine associations between background exposures to POPs with various health outcomes among a random sample of US population. As hypertension is very common in most Westernized societies and POPs are detected in measurable amounts in most persons, the public health impact could be substantial. Prospective studies in the general population are needed for further clarification of the influence of background exposure to mixed POPs on health.
